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Azoreductases are potent biocatalysts for the cleavage of azo
bonds. Various gene sequences coding for potential azoreduc-
tases are available in databases, but many of their gene
products are still uncharacterized. To avoid the laborious
heterologous expression in a host organism, we developed a
screening approach involving cell-free protein synthesis (CFPS)
combined with a colorimetric activity assay, which allows the
parallel screening of putative azoreductases in a short time.
First, we evaluated different CFPS systems and optimized the
synthesis conditions of a model azoreductase. With the findings
obtained, 10 azoreductases, half of them undescribed so far,

were screened for their ability to degrade the azo dye methyl
red. All novel enzymes catalyzed the degradation of methyl red
and can therefore be referred to as azoreductases. In addition,
all enzymes degraded the more complex and bulkier azo dye
Brilliant Black and four of them also showed the ability to
reduce p-benzoquinone. NADH was the preferred electron
donor for the most enzymes, although the synthetic nicotina-
mide co-substrate analogue 1-benzyl-1,4-dihydronicotinamide
(BNAH) was also accepted by all active azoreductases. This
screening approach allows accelerated identification of poten-
tial biocatalysts for various applications.

Introduction

Azo dyes are characterized by containing one or more azo
bonds (R� N=N� R’). They are widely used to treat textiles,
leather, and paper and find application in the cosmetics and
pharmaceutical industries.[1] Due to their widespread use, azo
dyes often contaminate wastewater and pose a threat to the
environment. Even low concentrations cause aesthetic pollution
and prevent the penetration of light through water. In addition
to their visual impact, azo dyes also have negative effects in
terms of total organic carbon and chemical oxygen demand,
which are indicative of organic pollutants in waste water.[2]

Many synthetic azo dyes and their metabolites are toxic,
carcinogenic, and mutagenic, resulting in potential health
hazards to humans.[3] Key enzymes in the biodegradation of azo
dyes are the azoreductases, which catalyze the reductive
cleavage of azo bonds. The enzymes are widely found in

bacteria and act on numerous azo dyes, which allow various
unique applications.[4] The reduction of one azo bond by
azoreductases requires two molecules of nicotinamide co-
substrate (Figure 1).

Many azoreductases belong to the family of flavin mono
nucleotide (FMN)-dependent NADH : quinone oxidoreductases,
but there are also other enzymes such as cytochrome P450s in
mammalians that catalyze the reduction of azo bonds.[5] Some
azoreductases do not prefer any type of electron donor and
accept both naturally occurring ones, nicotinamide adenine
dinucleotide (NADH) and nicotinamide adenine dinucleotide
phosphate (NADPH),[6] while others show strict preferences.[7] To
avoid the stoichiometric addition of these expensive coen-
zymes, several NAD(P)H regeneration systems can be used, for
example in combination with dehydrogenases.[8,9] Alternatively,
a less expensive reductant, the synthetic nicotinamide co-
substrate analogue 1-benzyl-1,4-dihydronicotinamide (BNAH),
was also shown to be accepted by an azoreductase.[10] These
kind of biomimetics can be an attractive alternative to natural
co-substrates not only in terms of cost but also in terms of
stability and reactivity.[11] The flavin-containing oxygen-insensi-
tive azoreductase from Rhodococcus opacus 1CP was identified
as NADH, NADPH, and BNAH-accepting and catalyzing the
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Figure 1. Schematic illustration of the catalyzed cleavage of the azo bond by
an azoreductase using different co-substrates as electron donors (enzyme
crystal structure of AzoRo, PDB ID: 7AWV).
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degradation of methyl red, one of the azo dyes most commonly
accepted by azoreductases.[10,12] Azoreductases can be classified
phylogenetically into four main clades based on their primary
sequences.[7] On this basis, however, no statement can be made
as to which co-substrate is accepted by the enzyme. For the
identification of further azoreductases and verification of their
co-substrate acceptance, novel enzymes need to be screened,
isolated, and tested in vitro. However, conventional heterolo-
gous expression in a host organism is costly and laborious if a
large number of genes are to be studied. In contrast, cell-free
protein synthesis (CFPS) provides a tool for the rapid synthesis
of enzymes. It is a widely used method for the fast transcription
and translation of genes with a broad range of applications.[13–15]

CFPS can avoid time-consuming steps, such as expression strain
construction, culture growth, and protein purification. Thus,
protein concentrations at a milligram per milliliter scale can be
achieved within a few hours of synthesis time. Due to its open
nature, CFPS offers the possibility of easy manipulation of the
synthesis conditions and is, therefore, a valuable platform for
the synthesis of difficult-to-express proteins, such as proteins
with a toxic effect on host cell metabolism[16] or proteins that
tend to be synthesized in insoluble form.[17] Thus, the applic-
ability of CFPS for protein screenings and characterizations has
already been shown in several studies.[18–20]

In this study, we aimed to develop a screening setup using
CFPS in combination with a subsequent in vitro activity assay in
a multi-well microplate, which allowed the parallel screening of
several putative genes. Thus, suitable candidates for a bio-
technological application could be found quickly and easily.
Therefore, different proteins termed putative azoreductases,
but never biochemically characterized, were synthesized using
CFPS and evaluated for their ability to cleave azo bonds in
in vitro assays. Moreover, the acceptance of the different co-
substrates NADH, NADPH, and BNAH were tested in this setup
for 10 enzymes with homologous primary sequences (Fig-
ure S1). We have shown for the first time that azoreductases
can be expressed in active form in an Escherichia coli-based
CFPS system. Thus, we identified five previously unknown
putative azoreductases that functionally degrade azo dyes. In
addition, the co-substrate specificity of active homologs was
evaluated. Interestingly, the co-substrate mimic BNAH allowed
successful cleavage of the azo bond for all employed
azoreductases. In future, this systematic screening approach will
make it easy to identify further azoreductases of biotechnolog-
ical importance in a short time.

Results and Discussion

Development of a CFPS screening setup for azoreductases

In the first step, the screening setup was developed using the
azoreductase from Rhodococcus opacus 1CP.[21] For consistency
in naming, it will be referred to as RopaAzoR in the following.
The enzyme assay was adapted to the microplate scale from Qi
et al..[21] The optimal synthesis conditions were evaluated to
obtain active enzymes in sufficient amounts. The synthesis

temperature for CFPS systems based on E. coli is often 30 to
37 °C due to the temperature optimum of the parent organism.
The synthesis times at this temperature range from 2 to 8 h.
Based on these parameters and own experiences,[17] the syn-
thesis conditions of 37 °C and 4 h were selected for the first
experiments with an in-house E. coli extract-based CFPS system.
Unfortunately, the high background activity of the E. coli extract
rendered this synthesis system useless for subsequent methyl
red degradation assays. Within a few seconds, the entire azo
dye was degraded by endogenous E. coli enzymes. Therefore,
no activity of RopaAzoR could be determined. The high back-
ground activity can be explained by the already described
azoreductase from E. coli, which is probably present in the CFPS
system and is known to degrade methyl red.[22]

For this reason, a purification of the proteins is necessary in
any case for a cell-based synthesis in E. coli as well as for the
use of an E. coli extract-based CFPS system. Since purification is
not worthwhile due to the small volumes involved in CFPS, a
CFPS system was chosen that was reconstructed exclusively
from the essential elements of the translation system of E. coli
and the T7 RNA polymerase for transcription. The so-called
protein synthesis using recombinant elements (PURE) system
contains all building blocks required for mRNA and protein
synthesis, such as nucleotides and amino acids.[23] We success-
fully synthesized the enzyme at 37 °C, however, the enzyme
showed no activity in the methyl red degradation assay.
Analysis of the total and soluble protein fraction revealed that
the azoreductase was detectable only in the total protein
fraction and thus was not present in active form (verified by
western blot, Figure 2). Some proteins synthesized with heterol-
ogous systems tend not to fold properly and therefore become
insoluble.[24] This issue can be addressed with different
approaches.[25] The most common strategies are exploring the
choice of vector, host strain, expression conditions, use of
fusion tags, and chemical or biological chaperones. These
methods can also be transferred to CFPS. We decided to test,
first, the reduction of the synthesis temperature and, second,
the addition of chaperones to synthesize the highest possible
fraction of soluble enzyme. To slow down the translation
process, lowering the temperature is one of the simplest
methods used in traditional cell-based expression but also in
CFPS. We tested different temperatures at 20, 30, and 37 °C for

Figure 2.Western blot image of cell-free synthesized RopaAzoR with 10xHis
tag (25.3 kDa) with PUREfrex2.0 at different synthesis parameters and with
chaperone mixes. t: total protein fraction; s: soluble protein fraction.
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RopaAzoR synthesis. The western blot showed only a very weak
band for the soluble fraction in a synthesis at 30 °C (Figure 2).
For 20 °C synthesis temperature, bands were barely visible in
any fraction. This does not exclude the synthesis of active
enzyme but may be caused by the small amounts that were
formed.

In addition to the reduction of expression temperature, a
common approach is the usage of molecular chaperones to
improve the solubility of proteins. These methods can also be
applied to CFPS systems to increase the expression yields of
soluble proteins. For example, chaperone-enriched cell extracts
can be used[17,26] or due to the open environment, the
exogenous addition of molecular chaperones can be easily
performed.[27–29] Two commercially available chaperone mixes,
the DnaK and GroE mix, were tested for the synthesis of
RopaAzoR in this study. The DnaK mix consists of purified DnaK,
DnaJ, and GrpE from E. coli with an optimized ratio. DnaK has
ATPase activity and is stimulated by co-chaperones, DnaJ and
GrpE. DnaJ facilitates the ATPase activity of DnaK and can bind
to a hydrophobic region of the synthesized protein. GrpE
stimulates the ADP/ATP exchange rate of DnaK. The GroE mix
consists of purified GroEL and GroES from E. coli. GroES affects
the folding activity of GroEL by regulating its ATPase activity.
Figure 2 elucidates that the synthesized enzymes are almost
completely in the soluble fraction when chaperones were used
at 20 °C. Especially, with an extended synthesis time of 20 h,
detectable amounts of enzymes could be synthesized in the
soluble fraction.

Subsequently, activity assays were performed with RopaA-
zoR obtained from syntheses under various conditions, namely
different temperatures, synthesis times, and the addition of
chaperones (Figure 3). In these experiments, we also used
chaperones for enzyme synthesis at 37 °C, and we tested the
activity of enzymes synthesized at 20 °C without the addition of
chaperones.

By using the respective chaperone mixes, active RopaAzoR
was synthesized, and substrate degradation was detected in the
activity assay. Lowering the synthesis temperature also showed
a positive effect. A synthesis temperature of 20 °C resulted in
volumetric activities of 43�1 mUmL� 1 of the CFPS mix. The
volumetric activity of enzymes, which were synthesized at 20 °C
without chaperones, was thus about 5 times higher compared
to the syntheses with chaperones at 37 °C. Since it can be
assumed that only small amounts of enzyme can be synthesized
at 20 °C in the selected synthesis time of 4 h, longer synthesis
times were also tested. An extension to 20 h resulted in an
increase of the volumetric activity to 270�6 mUmL� 1 (Figure 3).
The addition of chaperones increased the activity in the 37 °C
experiments but showed no beneficial effect in any experiments
at 20 °C. Since the highest activity was achieved at a synthesis
temperature of 20 °C and a synthesis time of 20 h, these
parameters were used for the subsequent experiments and the
screening of further azoreductases. The addition of the
expensive chaperone mixtures could be omitted since they did
not result in a beneficial effect under these synthesis con-
ditions.

In a recent study, fusion proteins were constructed consist-
ing of the RopaAzoR and a formate dehydrogenase (FDH) from
Candida boidinii.[9] These constructs from the two biocatalysts
showed lower activity than the azoreductase alone but were
able to degrade azo dyes without the addition of NADH. Here,
the activity was more affected when the azoreductase was
placed at the N-terminus of the fusion construct, indicating that
the positioning and design of a bifunctional catalyst affect the
activities. To test, if our CFPS-based screening setup can also be
used for such studies, we selected two fusion constructs
consisting of RopaAzoR and the FDH in different orientations.
The fusion proteins have a molecular weight of about 70 kDa,
more than 3 times the size of the azoreductase previously
tested. The enzymes were synthesized under the same con-
ditions as described before and tested in the subsequent
activity assay for their methyl red degradation ability.

Both fusion proteins were synthesized in active form and
were able to catalyze the cleavage of the azo bond in methyl
red. The substrate depletion rate was lower than for the wild-
type azoreductase, resulting in volumetric activities of 24�3%
and 41�7% for the C-terminal and the N-terminal tagged
RopaAzoR, respectively (Figure 4).

Our results indicate that the placement of the azoreductase
at the N-terminus leads to a greater loss of activity, confirming
previous results where the position at the N-terminus impaired
the azoreductase activity.[9] However, the remaining activity was
about 5%, which was even lower than in our study. Never-
theless, it was shown that these more complex constructs can
also be synthesized in active form and that the results are
comparable to in vivo synthesized and subsequently purified
enzymes.

Figure 3. Volumetric activities of the synthesis mix with RopaAzoR under
different synthesis conditions. PUREfrex2.0 was used for CFPS for 4 to 20 h at
20 °C and 37 °C. Activity assays were carried out in a 96-well microplate with
a total volume of 100 μL, consisting of 10% (v/v) CFPS-reaction solution and
the assay solution with following final concentrations: 100 mM sodium
phosphate buffer (pH 6), 50 μM FMN, 30 μM methyl red, and 150 μM NADH.
Reactions were incubated at 25 °C and the degradation of methyl red was
monitored by UV-vis spectrophotometry at 430 nm. Error bars are a result of
duplicates. Duplicates are from two independent activity assays with
enzymes derived from the same synthesis batch.
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Screening of putative azoreductases and their preferred
electron donor

For the screening, in total 10 different proteins were selected,
which are annotated on uniport.org as FMN-dependent NADH :
quinone oxidoreductases (Table 1).[30] Five of them were already
confirmed as azoreductases and can degrade methyl red under
the consumption of NADH or NADPH. The other five proteins
are inferred from homology and have never been expressed
heterologously before. Four phylogenetic clades can be defined
for azoreductases according to their primary sequence
similarity.[7] The selected proteins can be assigned to clades II
and III except for RopaAzoR, which cannot be assigned to one
of the four clades (Figure S2). Actually, it seems to be an
evolutionary intermediate from clade II to clade III. This needs
to be studied in more detail for a clear assignment.

All putative azoreductase genes were expressed with the
PUREfrex2.0 system under the previously determined conditions
(20 °C, 20 h) and applied in the subsequent activity assay. In
addition to NADH, NADPH and the artificial representative

BNAH were now used in this setup to elucidate the preferred
electron donor of the enzymes (Figure 5).

Large differences in volumetric activity were detected for
the azoreductases. Two of the already described enzymes,
EcolAzoR and PaerAzoR, did not show any activity with NADH or
NADPH in this setup. PaerAzoR catalyzed the degradation of
methyl red using BNAH as co-substrate. In the case of EcolAzoR,
the enzyme may not have been synthesized at all or may have
been synthesized too strongly, so it was present only in an
insoluble form. SDS-PAGE analysis enabled no evidence due to
the small amounts formed and a superposition of the kit-
specific enzymes (Figure S3). Nevertheless, all undescribed
enzymes catalyzed the degradation of methyl red and can
therefore be referred to as azoreductases. NADH is the preferred
electron donor in most cases, which is consistent with previous
research on azoreductases.[21,31,33] Only the enzyme TvarAzoR
showed higher activity in combination with NADPH than with
NADH. Moreover, the co-substrate mimic BNAH was accepted
by all active azoreductases and showed for RferAzoR and
TvarAzoR higher activities than in combination with the natural
co-substrates. Noteworthy are the very high activities of
StypAzoR and EfaeAzoR with 851�102 mUmL� 1 and 425�
28 mUmL� 1, respectively. While StypAzoR showed these high
activities with all electron donors, EfaeAzoR seems to have a
strong preference for NADH.

Co-substrate utilization and unproductive oxidation of the
electron donors

To determine the efficiency of co-substrate utilization, the
coupling yields were calculated (Equation S1), defined as the
yield of electrons used for substrate reduction that originate
from the electron donor (Figure 6), as a previous study reported

Figure 4. Volumetric activities for RopaAzoR and fusion proteins consisting
of RopaAzoR and a formate dehydrogenase (FDH) from Candida boidinii.
Values were normalized to RopaAzoR, which corresponds to 100% activity.
Activity assays were carried out in a 96-well microplate with a total volume
of 100 μL, consisting of 10% (v/v) CFPS-reaction solution and the assay
solution with following final concentrations: 100 mM sodium phosphate
buffer (pH 6), 50 μM FMN, 30 μM methyl red, and 150 μM NADH. Reactions
were incubated at 25 °C and the degradation of methyl red was monitored
by UV-vis spectrophotometry at 430 nm. Error bars are a result of duplicates.
Duplicates are from two independent activity assays with enzymes derived
from the same synthesis batch.

Table 1. Described and putative azoreductases employed in this study.

Protein UniProt ID Source organism Clade Reference

RopaAzoR A0A1B1KJ01 Rhodococcus opacus 1CP II/III AzoRo[21]

EcolAzoR P41407 Escherichia coli III AzoR[22]

BsubAzoR O32224 Bacillus subtilis II YvaB[31]

PaerAzoR Q9I5F3 Pseudomonas aeruginosa III paAzoR1[32]

EfaeAzoR Q831B2 Enterococcus faecalis II AzoA[33]

StypAzoR P63462 Salmonella typhimurium III This study
RferAzoR Q220J4 Rhodoferax ferrireducens III This study
PlauAzoR Q7N511 Photorhabdus laumondii

subsp. laumondii
III This study

BlatAzoR Q39M92 Burkholderia lata III This study
TvarAzoR Q3M1N6 Trichormus variabilis III This study

Figure 5. Volumetric activities for the selected azoreductases in combination
with different co-substrates. Activity assays were carried out in a 96-well
microplate with a total volume of 100 μL, consisting of 1 to 10% (v/v) CFPS-
reaction solution and the assay solution with following final concentrations:
100 mM sodium phosphate buffer (pH 6), 50 μM FMN, 30 μM methyl red,
and 150 μM NADH/NADPH/BNAH. Reactions were incubated at 25 °C and the
degradation of methyl red was monitored by UV-vis spectrophotometry at
430 nm. Error bars are a result of duplicates. Duplicates are from two
independent activity assays with enzymes derived from the same synthesis
batch.
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decoupling and unproductive NADH oxidation for
azoreductases.[9]

Nonspecific co-substrate oxidation was also detected in the
case of all the enzymes investigated. The highest coupling yield
was achieved with TvarAzoR in the case of NADH with about
91%. In general, NADH appears to be not only the preferred
electron donor for most azoreductases but is also used most
efficiently. However, for some azoreductases the coupling yield
of BNAH is comparable with the coupling yields for the natural
co-substrates. This makes these enzymes particularly interesting
for further applications, since they do not only accept a less
expensive synthetic co-substrate analogue, but also use it with
similar efficiency, so that only comparatively small amounts are
required for the reaction.

Expanding the screening for further substrates

The here described screening setup can easily be extended to
other dyes or other possible substrates. The selected yet
undescribed enzymes are annotated as potential (FMN)-
dependent NADH : quinone oxidoreductases. Therefore, we
decided to also check the acceptability of a quinone, namely p-
benzoquinone (BQ). Furthermore, the more complex and
bulkier azo dye Brilliant Black (BB), a synthetic diazo dye used in
food industries, was selected as a further substrate. RopaAzoR
was selected additionally as a positive control, as it is already
described as a BQ reducing and BB degrading enzyme.[12,21] The
volumetric activities were determined in the aforementioned
setup (Figure 7).

All five enzymes and RopaAzoR were able to degrade BB.
StypAzoR and RferAzoR showed the highest activities of 9.1�
0.7 and 12.0�1.7 mUmL� 1, respectively. TvarAzoR showed the

lowest activity, however, degradation was also detected here.
Compared to the values with MR as the substrate, these
activities are 1 to 2 orders of magnitude lower. Furthermore, it
was shown that the activity of the enzymes in combination
with BQ as substrate was significantly higher and in a
comparable range as with MR as substrate. For TvarAzoR, no
activity could be observed. Thus, it was possible to prove that
four of the five enzymes are (FMN)-dependent NADH : quinone
oxidoreductases. These results also indicate the broad substrate
spectrum, often including various azo dyes and quinones,
already described for other azoreductases.[4]

The newly described enzymes partly showed high activities
for different substrates with different co-substrates and could
therefore be interesting candidates for further investigations.
Due to the low expression levels in CFPS, an in vivo synthesis of
the candidates could be carried out to provide sufficient
quantities of enzyme to test more specifically process-related
reaction parameters such as the conversion of high substrate
concentrations or the evaluation of product titers and space-
time-yields.

In our opinion, the developed screening setup can be
applied to other putative azoreductases and can be easily
adapted for a particular scientific question. Evaluation of
substrate scopes, stability tests, and screening for the best
reaction parameters can be performed for a large number of
homologs or enzyme variants in a short time. For example, the
kinetic and thermodynamic stability of PpAzoR Pseudomonas
putida MET94 was improved by directed evolution and testing
of about 10,000 clones with recombination by DNA Shuffling
and a mutant library construction.[34] In the case of our
presented screening approach, the construction of the mutant
library could be neglected and the use of plasmids or even the
direct use of the linear PCR products would be possible.[35,36]

Especially in comparison with cell-based heterologous expres-

Figure 6. Coupling yields of electron donor and substrate consumption for
the selected azoreductases. Activity assays were carried out in a 96-well
microplate with a total volume of 100 μL, consisting of 1 to 10% (v/v) CFPS-
reaction solution and the assay solution with following final concentrations:
100 mM sodium phosphate buffer (pH 6), 50 μM FMN, 30 μM methyl red,
and 150 μM NADH/NADPH/BNAH. Reactions were incubated at 25 °C and the
degradation of methyl red was monitored by UV-vis spectrophotometry at
430 nm. Consumption of the co-substrates were also followed at their
respective wavelengths (NADH 340 nm, NADPH 340 nm, and BNAH 358 nm).
Error bars are a result of duplicates. Duplicates are from two independent
activity assays with enzymes derived from the same synthesis batch.

Figure 7. Volumetric activities for the selected azoreductases for Brilliant
Black (BB) and p-benzoquinone (BQ). Activity assays were carried out in a 96-
well microplate with a total volume of 100 μL, consisting of 1 to 10% (v/v)
CFPS-reaction solution and the assay solution with following final concen-
trations: 100 mM sodium phosphate buffer (pH 6), 50 μM FMN, 30 μM
Brilliant Black/60 μM p-benzoquinone, and 150 μM NADH. Reactions were
incubated at 25 °C and the degradation of BB was monitored by UV-vis
spectrophotometry at 570 nm. The activity of the BQ reduction is calculated
via the NADH consumption, which was monitored at 340 nm. Error bars are
a result of duplicates. Duplicates are from two independent activity assays
with enzymes derived from the same synthesis batch.
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sion and purification, CFPS can offer labor and time savings.
Although the synthesis time of 20 h in this study is quite long
and similar to an in vivo synthesis, laborious steps can be
avoided. Once a CFPS system is ready and a DNA template
prepared, a synthesis can be performed immediately with an
assay directly following. In contrast, a heterologous in vivo
expression needs a few additional work steps and operations.
First, an expression strain must be constructed, which takes at
least two days, but can be used permanently afterward. For the
expression, a pre-culture must be prepared, the main culture
inoculated, and the growth process monitored by sampling. In
most cases, induction of expression is required. After the
cultivation, a cell harvest (most likely centrifugation) must be
performed and a cell disruption step is required, followed by
another centrifugation step. In the case of azoreductases,
purification and isolation of the enzymes must also be carried
out due to the endogenous azoreductase of E. coli. If you
neglect the strain construction, this results in an approximate
duration of 34 hours and significantly more work steps than
when using the CFPS. However, it should be noted that the
costs of a PURE CFPS system are quite high. Therefore, it would
make sense to use an E. coli strain for the preparation of the
CFPS extract that contains a knock-out of the endogenous
azoreductase. Thus, it would be possible to carry out such a
screening with a comparatively inexpensive in-house extract-
based CFPS system.

Conclusion

The study shows that a screening setup using CFPS in
combination with a subsequent in vitro activity assay can be
implemented for azoreductases. Five, formerly never character-
ized putative enzymes, were proven to be azoreductases and
four of them also showed the ability to reduce quinones.
Furthermore, the co-substrate preference of all tested enzymes
could be determined, showing a clear tendency toward the
natural substrate NADH for the most enzymes. The artificial co-
substrate mimic BNAH was also accepted for all active
azoreductases, allowing the elimination of more expensive co-
substrates in potential applications. Further research can be
done by varying the substrates, expanding the set of co-
substrates, and testing variants of a specific azoreductase.
Azoreductases have great potential for wastewater treatment,
drug development, and biosensor assays, and the approach
developed will accelerate the identification and design of
potent biocatalysts for these applications.

Experimental Section
Plasmid constructs: The construction of the plasmid pET16bP_
AzoRo, pET16bP_AzoRo+FDH and pET16bP_FDH+AzoRo is de-
scribed elsewhere.[9] Codon optimized and GC content adjusted
gene sequences coding for the remaining AzoR enzymes were
purchased as DNA strings from Thermo Fisher Scientific (Waltham,
MA, USA) and cloned into a pET-24a(+) vector via Gibson cloning.[37]

All vector constructs were checked for errors with sanger sequenc-

ing (Microsynth Seqlab, Göttingen, Germany). The gene sequences,
their corresponding amino acid sequences and the primer
sequences can be found in Supporting information (Table S1).

Cell-free protein synthesis: CFPS were performed using an in-
house E. coli extract-based system and the PUREfrex2.0 system
(GeneFrontier). The E. coli extract was prepared as described by Rolf
et al.[38] Extract-based CFPS reactions with a reaction volume of
10 μL were performed in microtubes containing: E. coli cell-free
extract amounting to 9.6 to 14.4 mgmL� 1 protein, 10 mM magne-
sium glutamate, 130 mM potassium glutamate, 1.5 mM each of 20
amino acids (except leucine), 1.25 mM leucine, 50 mM HEPES,
1.5 mM ATP and GTP, 0.9 mM CTP and UTP, 0.2 mgmL� 1 E. coli
tRNA, 0.26 mM CoA, 0.33 mM NAD, 0.75 mM cAMP, 0.068 mM
folinic acid, 1 mM spermidine, 30 mM 3-PGA, and 2% PEG-8000.
CFPS with the PUREfrex2.0 system were carried out in microtubes
according to the manufacturer‘s instructions with a reaction volume
of 10 to 60 μL. In chaperone-assisted syntheses, 5% (v/v) DnaK or
GroE mix (GeneFrontier) were added, respectively. All reactions
were incubated in an Eppendorf® ThermoMixer® C for 4 to 20 h at
450 rpm and 20 to 37 °C. Synthesized proteins were analyzed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and western blot. For the analysis of the total protein
fraction, 1.5 μL of the synthesis were diluted with 3.5 μL water and
mixed with a 2× SDS loading buffer (100 mM Tris- HCl pH 6.8, 4%
SDS, 20% glycerol, 200 mM dithiothreitol, and 0.2% bromophenol
blue). To obtain the soluble protein fraction, samples were
centrifuged at 18.000×g for 10 min and treated as previously
described. All samples were subsequently incubated at 95 °C for
5 min. The PageRuler unstained protein ladder (Thermo Fischer
Scientific, Waltham, MA, USA) was used as the marker. The gel was
stained with 1× Lumitein Protein Gel Stain (Biotium, Inc., Fremont,
CA, USA) for 30 min. Afterwards, the gel was destained in water for
10 min and resulting bands were visualized using UV light. Electro-
phoretic transfer was performed on a Power Blotter XL (Thermo
Fischer Scientific, Waltham, MA, USA) using Power Blotter Select
Transfer Stacks (Thermo Fischer Scientific, Waltham, MA, USA). The
gels were electroblotted for 7 min with 1.3 Amps. The membranes
were rinsed three times with deionized water, blocked with
blocking buffer TBS-T (20 mM Tris, 150 mM NaCl, 0.1% Tween-20,
pH 7.6) with 3% bovine serum albumin for 1 h at room temper-
ature, and then rinsed twice with TBS-T. The membranes were
incubated for 1 h with a solution of the primary antibody 6×-His
Tag Monoclonal Antibody, diluted 1 :2,000 in TBS-T, and then rinsed
three times with TBS-T. The membranes treated with the antibody
were further incubated for 1 h with a solution of the AP-conjugated
secondary antibody goat anti-mouse IgG (H+L), diluted 1 :10,000
in TBS-T, and then rinsed three times with TBS-T. To remove Tween-
20, the membranes were rinsed with TBS (20 mM Tris, 150 mM
NaCl, pH 7.6) twice. All membranes were finally stained with a 1-
step NBT/BCIP substrate solution and incubated for 15 min.

Screening for activity: Activity assays were performed in 96-well
microplates with a total volume of 100 μL per well, consisting of 1
to 10% (v/v) CFPS-reaction solution and the assay solution with
following final concentrations: 100 mM sodium phosphate buffer
(pH 6), 50 μM FMN, 30 μM MR, BB, or 60 μM BQ and 150 μM NADH,
NADPH, or BNAH, respectively. Reactions were incubated at 25 °C in
a FLUOstar® Omega multi-mode microplate reader (BMG LABTECH)
and substrate degradation was followed at their respective wave-
lengths (MR 430 nm, BB 570 nm). Consumption of the co-substrates
were also followed at their respective wavelengths (NADH 340 nm,
NADPH 340 nm, and BNAH 358 nm). Calibration data can be found
in Supporting information (Figures S4–S6). The specific activity was
defined as 1 U representing the conversion of 1 μmol MR/BB/
NADH/NADPH/BNAH per min. For all experiments negative controls
with CFPS mix and without a DNA template were carried out and
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the background activities were determined (see Supporting
Information). All values stated have been adjusted for this back-
ground activities. All measurements were done in duplicates.
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